To investigate DNA variation in natural plant populations, a 1.8-kb region of the acidic chitinase locus (ChiA) was analyzed for 17 ecotypes of Arabidopsis thaliana sampled worldwide and 3 Arabis species in Japan. As in the Adh region, dimorphism was detected throughout the investigated ChiA region, suggesting the possibility that dimorphic DNA variation exists in the entire nuclear genome of A. thaliana. The ChiA region was divided into two blocks by an intragenic recombination between two parental sequence types, which diverged 7.4 MYA under the assumption that nucleotide mutation rate per site per year is l.~ = 10-9. Nucleotide diversity in the entire ChiA region was 0.0104. Tajima's test was significantly negative for both nucleotide and indel variations, which was manifested as an excess of unique polymorphisms.
Introduction
The study of the level and pattern of DNA polymorphisms can provide essential information on the evolutionary history of a species and maintenance mechanisms of genetic variations (Kimura 1983; Gillespie 1991) . To extend our understanding of evolutionary processes and mechanisms, we need to diversify our study to include more genes and more organisms, especially plants.
In the study of the molecular population genetics of Arabidopsis thaliana, which started recently (Hanfstingl et al. 1994; Miyashita, Innan, and Terauchi 1996; Innan et al. 1996) , the alcohol dehydrogenase locus (Adh) region is best analyzed. In the Adh locus of a worldwide sample of A. thaliana, dimorphism of DNA variation was detected in the entire region, and the Adh region was divided into four blocks, each block having a different partitioning pattern of dimorphism . This pattern of polymorphism in the Adh region was explained by four intragenic recombinations in the history of A. thaliana as follows: (1) two parental sequences which diverged about 6.3 MYA (if mutation rate per site per year lo = 10e9 is assumed) formed a heterozygote as a consequence of breakdown of population isolation or introgression of a related species, (2) the first intragenic recombination in the heterozygote occurred about 3.3 MYA, (3) three more intragenic recom-binations occurred at about l.l-Myr intervals, and (4) parental and recombinant sequence types have spread over the world recently. This is a neutrality explanation without the assumption of balancing selection on the Adh region . However, there were some observations indicative of balancing selection, especially on exon 4, although Tajima's (1989a) test was not significant . That is, replacement sites segregating at high frequencies were associated with allozyme polymorphism of ADH, and a high peak of DNA variation was found in exon 4. It was difficult to determine the exact mechanism for the dimorphism at the Adh locus.
In this study, sequence variation in a 1.8-kb region encompassing the acidic chitinase locus (ChiA) in A. thaliana was analyzed. This region was randomly selected from GenBank. Chitinase of plants catalyzes hydrolysis of chitin, which is a major component of fungal cell wall (van Loon 1989; Collinge et al. 1993) . When attacked by fungi, plants defend themselves by degrading the fungal cell wall with this enzyme. It is known that chitinase is expressed in response to pathogen invasion and environmental stress (Mauch, Hadwiger, and Boller 1984; Broglie, Gaynor, and Broglie 1986; Kombrink, Schroder, and Hahlbrock 1988; Lawton et al. 1992) . There are two classes of chitinase, basic and acidic, which are expressed in intracellular space and central vacuole, respectively (Mauch and Staehelin 1989; Metraux et al. 1989 ). In A. thaliana, each of the chitinases is encoded by a single-copy gene (Samac et al. 1990 ).
One of the purposes of this study was to examine the presence of dimorphism of DNA variation in the ChiA region. If dimorphism is not detected in this randomly selected nuclear region, it would be suggested that dimorphism is specific to the Adh locus and that we need to consider some mechanism (possibly balancing selection) to account for the dimorphism in the Adh region. On the other hand, if dimorphism is detected, the hypothesis that fusion of diveregent populations occurred in the history of A. thaliana would be supported. Second, to diversify our investigation of molecular variation in natural populations of A. thaliana, the level and pattern of DNA polymorphism in the ChiA region was analyzed and compared with those of related species in the genus Arabis.
Materials and Methods

Plant Materials
Seeds of 16 ecotypes of A. thaliana were obtained from Professor Nobuharu Goto, Sendai Arabidopsis Seed Stock Center, Miyagi University of Education, Sendai, Japan (table 1) . Plants were grown in soil pots in an incubator under 24-h light conditions. These ecotypes were sampled worldwide. Fifteen of the ecotypes were studied for the Adh region by Innan et al. (1996) , and one ecotype, Kn-0, was used only for the ChiA region. For interspecific comparison, three related species, Arabis gemmifera Makino, Arabis glabra (L.) Bernh., and Arabis lyrata ssp. kawasakiana Makino, were used (table 1) .
DNA Sequencing
Nucleotide sequence was determined by direct sequencing of PCR product, as in Innan et al. (1996) . Total DNA was extracted from matured plants by a modified CTAB method (Terauchi and Konuma 1994) and used as template for PCR amplification.
Sequences of primers for PCR amplification are 5'-ACA T'IT TCC ATA CTA CTC AAG-3' (ACH-1) and 5'-ATA CTA AAA GCG AAT CCA TAA-3' (ACH-lOl), which amplify an approximately 2.4-kb fragment encompassing the entire coding region of the ChiA locus. Two primers, 5'-AAA GTC AAC ACC ACA AGA GA-3' (ACH-3) and ACH-101, which amplify an approximately 2.0-kb fragment including the entire ChiA coding region, were used for three Arabis species. PCR amplification was conducted once more using the first PCR product as template. PCR product after the second amplification was purified by agarose gel electrophoresis followed by glass powder elution (Geneclean II, BIO 101). Purified PCR product was used as template for sequencing reaction by the dideoxy chain termination method (Sanger, Nicklen, and Coulson 1977) using the ABI thermal sequencing kit. Sequencing primers were designed in ca. 200-250-bp intervals. All of the primers were designed from the nucleotide sequence of the ChiA gene of ecotype Col-0 (Samac et al. 1990 ). Sequence was determined in both strands by an ABI sequencer. Newly determined nucleotide sequences were deposited in the DDBJ database under numbers AB006054-AB006072.
Sequence Analyses
Seventeen sequences, including the published sequence of ecotype Col-0 (Samac et al. 1990 ), were aligned. The analyzed region is located between nucleotide positions 858 and 2657 of the Col-0 ecotype (Samat et al. 1990 ). Nucleotide diversity (n: Nei and Li 1979; Tajima and Nei 1984) was estimated after excluding length polymorphisms.
To analyze interspecific variation, the ChiA sequences of A. gemmifera, A. glabra, and A. Zyrata were compared with those of A. thaliana. To conduct intergenic comparison, the Adh region was used. The Adh sequences of A. thaliana were obtained from Innan et al. (1996) , and those of Arabis species were obtained from Miyashita, Innan, and Terauchi (1996) and unpublished data.
Parsimony Analysis for Intragenic Recombination Events
To determine the number of intragenic recombinations in the ChiA region, we employed a parsimony analysis similar to that described by Stephens and Nei (1985) . We minimized the total number of mutations and recombinations required to explain the observed variation in the A. thaliana sequences investigated.
The assumptions were as follows: (1) a single DNA variation (site or indel) was not considered for recombination;
(2) a region between DNA variations showing the same partition was assumed to be a "recombination block"; and (3) when the same "recombination block" appeared multiple times on polyphyletic branches, recombination events between these lineages were assumed. First, using the PAUP program (Swofford 1993) with the heuristic search option, a parsimonious tree was constructed for a data set of nonunique polymorphic variations including corresponding variations in three Arabis species. We treated both site change and indel equally without weight. In the part of A. thaliana in the obtained parsimonious tree, we looked for "recombination blocks" shared in multiple polyphyletic branches. Second, a recombinant ecotype(s) was identified if its sequence was a mosaic (combination) of different types of recombination blocks. Third, after removing the recombinant sequences from the data set one by one, this process was repeated until no other recombination event needed to be introduced. The boundary of blocks (recombination point) was determined as the midpoint between two adjacent polymorphic variations in two different blocks. This method was also applied to the Adh data of Innan et al. (1996) to examine the applicability of this method to detecting intragenic recombinations. [2041] [2042] [2043] [2044] [2045] [2046] [2047] [2048] [2049] [2050] and were excluded from the following analyses. There were 123 nucleotide substitutions (120 sites). Of the 120 polymorphic nucleotide sites, three sites had three segregating nucleotides (sites 1992,2317, and 2646) . DNA variations were detected throughout the investigated region, but nonsingletons (found more than once in the sample) seemed to be clustered in the second half of the region (second intron, third exon, and 3' flanking region). In the coding region, there were 44 polymorphic nucleotide sites, of which 19 were replacement, and no indels were detected. The proportion of polymorphic replacement nucleotide sites (43.2%) is higher than that in the Adh region (31.6%; Innan et al. 1996) , although most of the replacement sites are singletons in the ChiA (14 out of 19).
Results
Nucleotide Sequence Variations in the
Twenty-two indels were observed only in noncoding regions. Two insertions of 7 bp in ecotypes Ita-and Pog-0 between positions 2503 and 2504 were CA-GAAAA and CTGAAAA, respectively. The A/T difference in the second position of the two insertions may be caused by a point mutation after an insertion event in A. thaliana, because the insertion position and length are identical, and the three Arabis species examined do not have this insertion.
Intragenic Recombination in the ChiA Region in A. thaliana
In the ChiA region, 19 polymorphic nucleotide sites and 8 indels were detected in more than one ecotype ( fig. 1 ). Based on these 27 polymorphisms, the 17 ecotypes investigated were classified into 10 haplotypes. Two ecotypes, Aa-(from France) and Gr-1 (from the U.S.A.), had the same haplotype even when unique variations were considered.
These nonunique polymorphisms showed dimorphism throughout the investigated ChiA region as in the Adh region although frequencies of dimorphic variations were not as intermediate as in the Adh region. It is clear that intragenic recombination has occurred in the ChiA locus, as detected in the Adh, because ecotype Ci-0 is an obvious recombinant.
However, partitioning is not obvious, especially in the first half of the gene. To determine the number of intragenic recombinations and to identify another "recombinatior block(s)," the parsimony analysis was conducted for the 27 nonunique polymorphisms ( fig. 1 ). It turned out thal there was no other recombination than that leading tc the ecotype Ci-0. In one of the three most-parsimoniotu trees obtained, which require 35 mutations ( fig. 2 ), s partition between positions 2128 and 2547/62 was de. tected in branches leading to an ecotype Ci-0 and se. quence type 1. If this partition is considered as a recom. bination block, the total number of mutational event! would be 3 1, i.e., one recombination and 30 mutation: (nucleotide and indel). In the other two most-parsimo, nious trees, this partition was detected in the monophy letic branches of Ci-0 and either sequence type 1 or 3 Therefore, we could not consider recombination, and tht total number of mutations in these two trees was 35 Changes at positions 947 (A), 1065 (A), 1157 (C), 188: (loss of dell), 1884 (C), and 2089 (T) were regarded a: mutations in the lineage of sequence type 1.
We concluded that the ChiA region has two paren tal sequence types and one recombinant sequence type and that intragenic recombination occurred only once between sites 2095 and 2128 between sequence types i and 3, creating two blocks in the ChiA region ( fig. 1 ) Since these two polymorphic sites (2095 and 2128) an located within exon 3, the recombination must have oc curred in the coding sequence. No frameshift was de tected in the recombinant ecotype Ci-0, indicating pre cise breakage of the DNA sequence in the recombina tion. Average nucleotide distance between parental se quence types 1 and 3 of the ChiA region was d = 0.0141 
Cal-0. 1918-1919 1927 1933 1936 1944 1946-1947 1949 1954 1955 1981 1988 1992 (Jukes and Cantor 1969). If mutation rate per site per year is assumed to be p, = 10p9, as in the Adh region , the estimated divergence time between two parental sequence types is about 7.4 Myr. The time of the intragenic recombination could not be determined. Because of many unique mutations in the recombinant Ci-0, a method described in Innan et al. (1996) was not applied. Statistical significances of clustering for block 1 (between sites 1933 and 2095) and block 2 (between sites 2128 and 2563) are 7.4 X lop9 and 1.2 X 10p3, respectively (Stephens 1985) . From the significances, it is clear that neither of the blocks can be regarded as a random consequence of mutations. No association between sequence type (or cluster in phylogenetic tree) and geographic origin of ecotype was observed in the ChiA region (table 1 and fig. 2 ). Members of each sequence type came from at least two different continents or localities that were far apart. This result is the same as that obtained in the Adh region , and supports the hypothesis that the present A. thaliana population has spread over the world recently, probably after fusion of divergent populations and recombinations (King, Nienhuis, and Hussey 1993; Price, Palmer, and Al-Shehbaz 1994; Innan et al. 1996; Innan, Terauchi, and Miyashita 1997) .
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To examine the applicability and accuracy of the parsimony method, the analysis was also applied to the Adh data of Innan et al. (1996) . Obtained relationships among six sequence types and the order of four recombinations in the Adh region were the same as those described in Innan et al. (1996) . This result may suggest the applicability of the parsimony method, and can be taken as support for one intragenic recombination in the ChiA region.
Level of Nucleotide Polymoprphism in the ChiA
Region of A. thaliana
Nucleotide diversity (7~: Nei and Li 1979; Tajima and Nei 1984) for the entire region was 0.0104 (table  3) , which was a little larger than that for the Adh region for almost the same set of ecotypes (7~ = 0.0080: Innan et al. 1996) . For the coding region, the estimate was 0.0067. This value was also larger than that for the Adh coding region (lir = 0.0056: Innan et al. 1996) . The amount of nucleotide polymorphism in this region is comparable to those reported for other nuclear genes in other plants (Gaut and Clegg 1993; Miyashita, Innan, and Terauchi 1996) . Nucleotide diversity for each sequence type was also estimated (table 3) . Because of divergence between the two parental sequence types, the pooled estimate over different sequence types or partitions is larger than that of each sequence type or partition. The large value for the partition including sequence types 2 and 3 in block 1 is due to many unique nucleotide changes in recombinant ecotype Ci-0. Two parental sequence types 
AI-0
CM-0
Aa-
Bs-1
Gr-1
(1 and 3) have about the same level of nucleotide diversity as the entire region. Tajima's (1989~) negative (D = -1.87, n = 16, P < 0.05 for the entire region). Although when ecotypes Ci-0 and Kn-0 were omitted, the test was not significant but still negative (D = -1.63, n = 15, NS for the entire region). Since most nonsingletons were detected in the second half of the gene, Tajima's test was conducted for the first and second halves separately, but the test was significantly negative for either half.
Interspecific Comparison of DNA Variation in the ChiA Region
The HKA test (Hudson, Kreitman, and AguadC 1987) was applied to the ChiA and Adh regions to investigate whether levels of polymorphism are correlated with divergence levels in these two regions (table 5) . The ChiA region has more polymorphic sites (both synonymous and replacement) than the Adh region, while differences between species are about the same in the two regions. However, none of the tests were significant, indicating that the difference in the levels of polymorphism between the two regions is consistent with that in the divergence levels between A. thaliana and Arubis species. The high proportion of polymorphic sites in the ChiA region is due to a large number of singletons, especially in the recombinant Ci-0, which has 25 unique mutations (19 synonymous and 6 replacement sites) in exons. Even after excluding Ci-0 from the test, no significance was detected.
The MK test (McDonald and Kreitman 1991) was conducted for the ChiA coding region to determine whether patterns of synonymous and replacement variation within A. thaliana were different from those be- a S = the number of segregating sites, al = 2: i : l/i. b k = the average number of site differences. * P < 0.05.
tween A. thaliana and Arabis species (table 6) . Although most sites were singletons, ratios of replacement to synonymous sites were close to one in most of comparisons. None of tests were significant. After excluding the recombinant Ci-0, more polymorphic replacement sites than synonymous sites were detected. The MK test was significant only for Arubis glabru, which is the most divergent from A. thulium among the Arubis species studied here. These results indicate that in the ChiA region, the pattern of synonymous and replacement variation within A. thaliana were in concordance with those between A. thaliana and Arabis species, except for A. glabra.
Discussion
Presence of Dimorphism of DNA Variation in the A. thaliana Nuclear Genome
In the ChiA locus region, dimorphism of DNA variation as in the Adh region was again observed . This result indicates that dimorphism is not
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specific to the Adh region and suggests that dimorphism of DNA variation is a general characteristic of DNA variation in the A. thulium nuclear genome. If this is the case, the evolutionary scenario of introgression of related species or breakdown of isolated population structure, as suggested by Innan et al. (1996) , would be supported.
Before drawing conclusions, we need to examine some aspects of this experiment. First, we do not know whether the ChiA locus is linked to the Adh locus. The Adh was shown to be located on chromosome 1 (Koornneef 1994), but the ChiA has not been mapped. However, no relationship can be seen between the Adh and ChiA regions with respect to recombination (table 1) . This result suggests that these two regions are not tightly linked. Therefore, whatever the reason for dimorphism for the Adh, linkage is not the cause of dimorphism in the ChiA region, and vice versa. Second, we have studied a set of ecotypes for which dimorphism was known to exist in the Adh region. Although dimorphism may ute numner 01 polymorphic sites expected be specific to this set of ecotypes, these ecotypes were sampled over the world and selected randomly. If linkage is not the cause of dimorphism in these two regions, it is simplest to assume that the dimorphism detected is due to the evolutionary history of this species. Currently, we are studying DNA variation in another gene for a different set of ecotypes to confirm the presence of molecular dimorphism in the A. thaliana nuclear genome.
The recombinant ecotype Ci-0 has an enormous number of unique mutations. An examination of the Ci-0 sequence suggested the possibility that there was another recombination within block 1 of Ci-0. Our parsimony analysis was unable to detect this recombination, because mutations in Ci-0 are mostly unique. Most of the unique mutations (47 out of 51) in Ci-0 were found in sequence mainly in block 1, from position 98 1 (5' flanking region) to position 1897 (second intron) (table  2 and fig. 1 ). Although it is possible to assume that these unique mutations in block 1 were mutations in Ci-0 after the recombination between sequence types 1 and 3 or the divergence of sequence type 3, it seems unlikely that mutations occurred in sequence in such a long stretch. (Tajima 1989b) , and hitchhiking (Maynard Smith and Haigh 1974; Kaplan, Hudson, and Langley 1989; Braverman et al. 1995) . However, none of these possibilities seem to explain the observed level and pattern of polymorphism in the ChiA region of this plant species.
The significantly negative Tajima's D values in the ChiA region contrasted with those in the Adh region (table 3) , for which none of the Tajima's tests were significant. These contrasting results of Tajima's test on two different regions may reject the possibility of bottleneck (recent reduction of effective population size). If bottleneck is the cause of negative D values, they should be detected for other regions, since bottleneck influences distribution of polymorphisms in the entire nuclear genome. Second, considering the presence of dimorphic variation in the ChiA region, the possibility of hitchhik-ing is also unlikely, because hitchhiking sweeps out polymorphism to a single sequence type with advantageous mutation(s).
Third, the level of nucleotide variation and the proportion of polymorphic replacement sites of the ChiA region were higher than those of the Adh region, although polymorphic nucleotide sites were mostly singletons. If negative selection is operating, the level of polymorphism is expected to be low, and there is unlikely to be a high frequency of replacement polymorphism. The result of the HKA test also indicated that the level of polymorphism was not reduced compared with divergence in the ChiA region. These observations also argue against the hitchhiking effect, since hitchhiking usually reduces level of polymorphism.
The proportion of the "effective" number of replacement sites in the ChiA region (74.5%; 702/906) is smaller than that of the Adh region (778%; 884.3/1,137). This result suggests that the coding region at the ChiA is not likely to produce more replacement sites than that at the Adh. One possible explanation for the negative Tajima's D's is that the present A. thaliana population is not in equilibrium.
In other words, the results of Tajima's test (or any test), which requires the assumption of stationarity of population, cannot be taken at face value. It has been suggested that A. thaliana has spread over the world recently (King, Nienhuis, and Hussey 1993; Price, Palmer, and Al-Shehbaz 1994; Innan et al. 1996; Innan, Terauchi, and Miyashita 1997) . In expanding populations, Tajima's D is expected to be negative even for neutral mutations (Tajima 1989b) . If the expected value is negative, Tajima's D for the ChiA region may not be significant. In turn, nonsignificant Tajima's D values for the Adh region, which are mostly positive in the coding region, may suggest balancing selection. This hypothesis may also explain the large number of singletons and the high proportion of polymorphic replacement sites. Many slightly deleterious mutations maintained before the expansion of this species might be on their way to elimination under stronger selection pressure due to a larger population size than before (Ohta 1973) . Another possible explanation is purifying selection combined with a higher mutation rate in the ChiA region than in the Adh region. Even under purifying selection, a higher mutation rate would result in a higher level of polymorphism. However, at this moment, we do not have clear evidence to support a higher mutation rate in the ChiA region. Although the face values of Tajima's D's suggest deviation from neutrality, it is difficult to determine the cause of significantly negative Tajima's D values in the ChiA region by comparing it with the Adh region alone. It is certainly necessary to increase the number of nuclear regions investigated in the future. With the HKA test, no significance was detected in the levels of polymorphism and divergence between the Adh and ChiA regions, which suggested that the level of polymorphism in the ChiA region was not high compared to that of divergence between species. Although the MK test and Tajima's test for the Adh region were not significant for A. thaliana Innan et al. 1996) , this result of the HKA variation in the ChiA region, but only suggests that the levels of polymorphism and divergence are correlated in these two regions. In addition, high ratios of replacement to synonymous sites were detected in the ChiA region within and between species. However, since the MK tests were not significant except for one comparison, and most of the polymorphic sites were singletons, it is difficult to speculate on the reason for the high ratios in the ChiA region. The high proportion of replacement sites may be a characteristic of the ChiA gene. In this study, divergences between species were estimated as a mixture of true fixed difference and polymorphic variation within Arabis species. Polymorphism data within the Arabis species need to be studied to conclude that the high proportion of replacement sites is a characteristic of the ChiA gene. Because of the nonsignificant results of the HKA and MK tests, it is not possible to infer mechanisms acting on the Adh or ChiA regions. At least, these results may suggest that whatever the mechanism is, the ChiA region was under the same mechanism before and after the establishment of A. thaliana as a species.
